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Abstract
The quark potential model for mesons and its extension for hybrid mesons are used to
study the effects of radial excitations on the masses, sizes and radial wave functions at the
origin for conventional and hybrid charmonium mesons. These results can help in experi-
mentally recognizing hybrid mesons. The properties of conventional and hybrid charmonium
mesons are calculated for the ground and radially excited states using the shooting method
to numerically solve the required Schro¨dinger equation for the radial wave functions. We
compare our results with the experimentally observed masses and theoretically predicted re-
sults of the other models. Our results have implications for scalar form factors, energy shifts,
and polarizabilities of conventional and hybrid mesons. The comparison of masses of con-
ventional and hybrid charmonium meson with the masses of recent discovered XYZ-particles
is also discussed.
I. Introduction
In conditions where the established theory of hadronic physics, namely quantum chromodynam-
ics (QCD), cannot be solved we use a variety of models to explain the hadronic properties. To
test these models, we can compare them with numerical simulations of QCD, like those through
the lattice gauge theory, and available results of hard experiments. (The effort remains to use
these discrete tests of continuum models for improvements in the models so as to get better
agreements in the next comparisons. This is an important route of advancing our understand-
ing of the hadronic physics and QCD.) Such hard experiments could be cross sections, decay
rates, masses and JPC (angular momentum, parity and C-parity) combinations of hadrons. In
this paper we present a comprehensive list of phenomenological implications in the charmonium
sector, in form of masses, radii and wave functions at origin for a variety of JPC assignments,
of a model previously proposed [1] by us for hybrid mesons. This model is an extension of
the quark potential model to incorporate the knowledge of the gluonic excitations provided by
lattice gauge theory; this analytic model was noted to have a very good agreement with the
corresponding lattice gauge theory based numerical results. If this QCD-motivated model can
explain properties of newly discovered mesons including many hybrid candidates, this should
be a useful advancement in our understanding of the gluonic excitations and, in general, of the
physics beyond in the quark model. In our quest for comprehensiveness, we address the radial
and orbital excitations along with the previously worked out [1] radially ground state gluonic
excitations (hybrids) and try to explain the properties of the newly discovered mesons in the
charmonium sector mentioned below.
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In general, an important guide to the search of physics beyond the quark model are meson
JPC combinations like 0−−, 0+−, 1−+, 2+−, and 3−+ [2] not satisfying the quark model formulas
P = (−1)L+1 and C = (−1)L+S . Amongst the theoretical options to understand such exotic
mesons, hybrid is an important option with often some expected features predicted through the
existing models of hybrids or numerical simulations of the excited gluonic field in QCD. Guided
by theoretical signatures for hybrids, it is not uncommon to find experimentalists specifically
searching for hybrid mesons: CERN COMPASS has been [3] centered on hybrid meson struc-
ture studies, along with pion polarizability. Progress on this project is reported, for example,
in [4]. Hybrid interpretations of some results form B-factories has been discussed in [5]. Ref.
[6] discussed then available experimental evidence for exotic hybrid mesons and described the
GlueX experiment in Hall D of Jefferson laboratory as a new initiative for performing detailed
spectroscopy of the light-quark meson spectrum. This collaboration aims to investigate the full
spectrum of mesonic states upto roughly 3 GeV including hybrid candidates; the photoproduc-
tion in it promises to be rich in hybrids, starting with those having exotic quantum numbers.
Hence this experiment has been expected to provide detailed spectroscopy necessary to map out
hybrid meson spectrum which is essential for an understanding of the confinement mechanism
and the nature of the gluon in QCD. This primary motivation of GlueX has been re-stated in
more recent proposals [7] as to search and ultimately study the pattern of gluonic excitations
in the meson spectrum produced in γp collisions. The spectroscopic searches for the exotic
hybrid states such as cgc¯ system in the CLEO-c Research Program [8]. The PANDA (antiPro-
ton ANnnihilation at DArmstadt) experiment features a scientific programme devoted [9] to
charmonium spectroscopy and gluonic excitations (hybrids, glueballs), along with some other
topics. This experiment performs studies of the strong interaction via precision spectroscopy
of charmonium and open-charm states, an extensive search for exotic objects such as glueballs
and hybrids, in-medium and hypernuclei spectroscopy, and more. Ref. [10] says “The research
of charmonium and charmed hybrids using the antiproton beam with momentum ranging from
1 GeV/c to 15 GeV/c in PANDA experiment at FAIR is perspective and interesting from the
scientific point of view. Charmonium and charmed hybrids with different quantum numbers
are copiously produced in antiproton-proton annihilation process.” Ref. [11] says that for the
PANDA experiment “Its set-up allows physicists to address questions like the structure of glue-
balls and hybrids, to clarify the nature of the X, Y, and Z states” and other related ones. This
also tells that Crystal Barrel searched for hybrids with the exotic quantum numbers JPC = 1−+.
Many exotic mesons are suggested to be hybrids. For example, ref. [12] mentions three
experimental candidates for a light 1−+ hybrid: π1(1400), observed by E852, VES, and Crystal
Barrel experiment, π1(1600), observed by E852 and VES, and π1(2000) observed by E852; see
also the ref. [13] for the latter two mesons, which also describes π2(1880) as a hybrid meson
candidate. Ref. [14] proposes that a structure at 2175 MeV observed by the Babar collaboration
is a 1−− strangeonium hybrid. The first paper of ref. [5] above and refs. [15] [16] interpret
Y (4260) as a cc¯g hybrid. Amongst the possible interpretations of the recently discovered XY Z
mesons, hybrid option is commonly advocated; see refs. [17, 18].
As mentioned above, it is because of the theoretical work on hybrids that we know how to
interpret or not an exotic meson as a hybrid, though this type of work needs improvements
both in terms of more specific predictions and clearer relationship with QCD. Available studies
include, in addition to the ones mentioned in the above paragraph, those through the Flux-Tube
Model [14], [19]-[24], QCD string model [25, 26], the Quark Model with a Constituent Gluon [27]-
[29], the Lattice QCD [30]-[43], QCD Sum Rules [44]-[49], using Many-Body Coulomb Gauge
Hamiltonian [50]-[55].
Testing models of QCD and our understanding of QCD effects, as well as interpreting the
recent meson spectrum, all point towards the significance of charmonium system. For example,
Barnes says [2] “charomonium system is an excellent laboratory for studyding non-perturbative
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effects such as confinement and gluonic excitations” and “identification of complete hybrid mul-
tiplet, especially JPC exotics, would be a crucial contribution to our understanding of the
dynamics of gluonic excitations.” Ketzer says in ref. [56] “To avoid experimental difficulties in
the light quark sector due to the high density of ordinary qq¯′ states below 2.5 GeV/c2, a search
for hybrids in the less populated charmonium mass region is expected to be very rewarding.”
This opinion is re-iterated by many others and most of them works on hybrids; see, for example,
refs. [5],[15]-[18], [25, 28, 32, 33] [35]-[40], [43]-[45], [47, 48, 50, 52].
A possible approach to take advantage of all the theoretical approaches to understand hybrid
mesons is to use the numbers generated by lattice simulations of QCD (for discretized configura-
tions of quarks and antiquarks) to constrain form and parameters of a continuum model that is
motivated directly or indirectly by QCD. Once that is done, we can compare the model with the
results of actual hard experiments. The phenomenological implications we report result from
fitting to the lattice result an explicitly written extension of the quark potential Vqq¯(r) whose
use is not limited to finding properties of the ground state hybrid mesons; (r) is the relative
vector a quark and antiquark. Like any potential model, the relation of the model to QCD can
perhaps be most easily seen through what is termed the Born-Oppenheimer approach already
used in hadronic physics in ref. [53] and later in refs. [1] [54]: taking energy of the quickly
adjusting gluonic field, found through the numerical lattice simulations of QCD, to be our adi-
abatic quark-antiquark potential Vqq¯(r), we first fit its parameters. Then we solve the resulting
Schro¨dinger equation for a set of possible quantum numbers of quark anti-quark (for all cases)
to calculate the meson energies and wave functions; for hybrid we used the additional term [1]
in our potential and considered quantum numbers of the gluonic field as well. The result has
been the directly testable implications for the hadronic physics we report.
In our earlier work [1], properties of conventional and hybrid charmonium mesons were
studied for radially ground state using an extended quark model. The investigation of ra-
dial excitations of mesons and hybrid mesons is of great interest in hadron physics. In refs.
[10, 37] few radial excited states of conventional and hybrid charmonium mesons were predicted,
though not with any potential model; ref. [50] reports some orbital excitations of hybrid. In
this present work, we calculate the masses, sizes, and radial wave functions of ground and ra-
dial excited state conventional (η, J/ψ, hc, χo,χ1, χ2,....) and hybrid charmonium states such
as 0−−, 0+−, 1−+, 2+−, 3−+... JPC states. This present work is the extension of our previous
work [1]. Using the radii form factors [57, 58] energy shifts [59], [60], and magnetic polariz-
abilities [59] can be found for conventional and hybrid charmonium mesons. The decay con-
stants [61], [62] decay rates [61], [63], and differential cross sections [64] for quarkonium states
can be calculated using the radial wave function at the origin.
The paper is organized as follows. In the section II, the potential model used for conventional
mesons is written. Then using this potential model, radial wave functions for the ground and
radially excited state conventional charmonium mesons are found by numerically solving the
Schro¨dinger equation. The expressions used to find masses, root mean square radii, and radial
wave functions at the origin for conventional charmonium mesons are also written in this section.
In section III, the potential model is written for hybrid mesons, and then we accordingly (i.e.
for hybrids) redo all the numerical work as done in section II. Results for the masses, root
mean square radii and square of radial wave functions at the origin for the radial and orbital
ground and excited states of conventional and hybrid charmonium mesons are reported in section
IV. Based on these results, we also include some results related to experimentally measurable
quantities. In section IV, XYZ- particles are related with different states of charmonium mesons
based on similar mass and JPC states where available.
3
II. Conventional charmonium mesons
For the conventional mesons, we use the following quark anti-quark effective potential [65]
Vqq(r) =
−4αs
3r
+ br +
32παs
9m2c
(
σ√
π
)3e−σ
2r2−→S c.−→S c + 1
m2c
[(
2αs
r3
− b
2r
)
−→
L .
−→
S +
4αs
r3
T ], (1)
where the first term is due to one gluon exchange with quark-gluon coupling constant αs, second
is linear confining potential with string tension b, third term is the Gaussian-smeared hyperfine
interaction, and the last term is for the spin orbit potential with
−→
L .
−→
S = [J(J + 1)− L(L+ 1)− S(S + 1)]/2, (2)
and
<3 LJ | T |3 LJ >=
{ − 16(2L+3) , J = L+ 1
+16 , J = L
− L+16(2L−1) , J = L− 1.
(3)
Here L and S are quantum numbers of the relative orbital angular momentum of quark-antiquark
and the total spin angular momentum of the meson respectively. The spin-orbit potential and
the tensor term [65] are both zero for the angular L = 0. The parameters used in this potential
for the charm quark and anti-quark are taken to be αs = 0.5461, b = 0.1425 GeV
2, σ = 1.0946
GeV, mc = 1.4796 GeV as in refs. [1, 65]. These values are obtained from the fit of the masses
of 11 experimentally known cc states mentioned in the last column of Table 1 below. In the
third term,
−→
S c.
−→
S c =
S(S+1)
2 − 34 , µ is the reduced mass of the quark and antiquark, and mc is
the mass of the charm quark. The values of quantum numbers L and S which we choose for our
study are reported in Table 1 below. In the quark model, the characteristics of a conventional
meson can be described by the wave function of the bound state of quark-antiquark and in the
above mentioned B.O. approximation this wave function U(r) = rR(r) can be found by solving
the radial Schro¨dinger equation given as
U ′′(r) + 2µ(E − V (r)− L(L+ 1)
2µr2
)U(r) = 0. (4)
R(r) is the radial wave function and r is the interquark distance. Here E is the sum of kinetic and
potential energy of quark-anti-quark system. In this non-relativistic approximation, especially
justified for heavy mesons, the mass of a cc state is obtained after the addition of constituent
quark masses in the energy E. We found the numerical solution of the Schro¨dinger equation
using the shooting method. Earlier [1] we used this method to find the numerical solutions
for radially ground state ( i.e for n = 1). Now we extended this work of ref. [1] by finding
the normalized solutions for radially ground and excited states (i.e for n = 1, 2, 3, 4, ...). The
numerical solutions were obtained by regularizing the 1
r3
term (of eq. (1)) by adding a parameter
ǫ to r in the denominator whose value is taken small enough not to affect the equation for r values
away from the origin. This remedy is obviously required only for the mesons for which L > 0.
As a check on our calculation, we confirmed that our results for the charmonium meson masses
for ground and radially excited states agree with the Table 1 of ref. [65]. The black curves in
Figs. 1 to 4 show the radial wave functions R(r) of charmonium mesons for different values of n,
L, and S. Four panels in each Fig. correspond to four values of n = 1, 2, 3, and 4 respectively
and four black curves in each panel correspond to four possible values of J corresponding to each
value of L, which are taken 0, 1, 2, and 3 in Figs. 1, 2, 3, and 4 respectively. The exception of
two black curves in each panel of Fig. 1 arise because for L = 0 the quantum number J can have
only two possible values. We noted that for l > 0, R(0) = 0 and R(r) decrease exponentially at
large inter quark distances. The number of nodes in a radial wave function is equal to n − 1.
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Figure 1: Radial wave functions for radially ground and excited states of ηc and J/ψ mesons.
Black color represents mesons and green color represents hybrid mesons. Solid line curves are
for J/ψ and dotted curves are for ηc.
It is also noted that peaks come closer to origin as we go to higher radially excited states. And
by increasing L, the wave function’s peak goes away from the origin. But the wave functions
are essentially insensitive to the S values. One possible reason is that for our heavy quarks the
1/m2c factor (appearing in eq. (1)) of the hyperfine term becomes very small. The normalized
wave functions are then used to calculate root mean square radii and radial wave functions at
origin using the following relations:
√
〈r2〉 =
√∫
U⋆r2Udr. (5)
R(0) = U ′(0) for l = 0. (6)
Radial wave function at origin is used in many applications of high energy physics as mentioned
in section I.
III. Characteristics of Hybrid Charmonium mesons
To describe hybrid mesons in BO approxiamtion, we used the static potential V hqq(r) in place of
Vqq(r) of eq. (1):
V hqq(r) = Vqq(r) + Vg(r) (7)
where Vg(r) is the gluonic potential whose functional form varies with the level of gluonic ex-
citation. This potential and the corresponding gluonic states are labeled by the magnitude
(Λ = 0, 1, 2... corresponding to greek letters Σ,Π,∆, ...) of the projection of total angular mo-
mentum of gluons onto quark anti-quark axis and the behavior of projection under the combined
5
L = 1
R
H
fm
-
3
2
L
n = 1
0 1 2 3 4
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
n = 2
0 1 2 3 4
-1
0
1
2
3
n = 3
0 1 2 3 4
-1
0
1
2
3
n = 4
0 1 2 3 4
-1
0
1
2
3
r HfmL
Figure 2: Radial wave functions for radially ground and excited states of χc0 , χc1 , χc2 , and hc.
Solid line curves are for χc0 , dotted for χc1 , dashed for χc2 , and dot dashed for hc. Black color
represents mesons and green color represents hybrid mesons.
operation of charge conjugation and spatial inversion. The states which are even (odd) under
this operation are represented by a subscript η = g(u) on the label. However, the Σ states also
require the sign of parity under reflection in the plane perpendicular to quark anti-quark axis for
their unique specification. The sign of this parity is put in the superscript of the state’s label.
In present work we study the hybrids in which the gluons are in the first excited state Λ = 1.
This state is represented by the label Πu. For hybrid mesons the radial differential equation is
given by
U ′′(r) + 2µ

E − V hqq(r)−
〈
L2qq
〉
2µr2

U(r) = 0, (8)
where squared quark anti-quark angular momentum
〈
L2qq
〉
[42, 67] is given by
〈
L2qq
〉
= L(L+ 1)− 2Λ2 + 〈J2g 〉 . (9)
For the Πu state, the squared gluon angular momentum
〈
J2g
〉
= 2 and Λ = 1 [42] making
−2Λ2 + 〈J2g 〉 = 0. The parity and charge parity of hybrid meson are given by
P = ǫ(−1)L+Λ+1, C = ǫη(−1)L+Λ+S , (10)
where η = −1 and ǫ = ±1 for Πu state[42]. In the present work we use following Vg(r)
Vg(r) =
c
r
+A× exp−Br0.3723 (11)
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Figure 3: Radial wave functions for radially ground and excited states of ψ1, ψ2, ψ3 and ηc2 .
Solid line curves are for ψ1, dotted for ψ2, dashed for ψ3, and dot dashed for ηc2 . Black color
represents mesons and green color represents hybrid mesons.
where values of the constants A = 1.814 and B = 0.066 are fixed by our earlier fit [1] to the
lattice data [42] of the parameters of the effective potential form corresponding to Πu gluonic
state. It is shown in ref. [1] that form of eq. (11) provides best fit to the lattice data.
Using the hybrid potential of eq. (7) for Πu gluonic state in eq. (8), we calculated the masses
and radial wave functions of the hybrid mesons by using the same technique as employed for
conventional mesons (mentioned in section II). The resultant wave functions are plotted in green
color in Figs. 1-4 corresponding to the same values of n, L, and S. These figures also show
the comparison of the conventional and hybrid meson radial wave functions. The shape of these
radial wave functions is not much affected by the addition of the Vg term for hybrids, though
the values of masses are significantly increased for the same values of n, L, and S.
IV. Results and Conclusions
In previous work [1] we calculated masses, root mean square radii, and radial wave functions
of 0+−, 1−+, and 2+− JPC states of the conventional and hybrid charmonium mesons. Now,
considering the expected phenomenological challenges in forceable future, we have extended this
work [1] by calculating these properties for a rather comprehensive spectrum of conventional
and hybrid charmonium mesons. We do this by including the radially excited JPC states not
addressed in the previous study. In Table 1, our calculated masses are reported for the ground
and radially excited states of charmonium mesons along with the experimental and theoretical
predictions of the other’s works. Our calculated masses agree with the masses reported in
refs. [65, 68] as well as the experimental values. In Table 2 the calculated masses of hybrid
7
L = 2
R
H
fm
-
3
2
L
n = 1
0 1 2 3 4
0.0
0.5
1.0
1.5
n = 2
0 1 2 3 4
-0.5
0.0
0.5
1.0
1.5
2.0
n = 3
0 1 2 3 4
-0.5
0.0
0.5
1.0
1.5
2.0
n = 4
0 1 2 3 4
-0.5
0.0
0.5
1.0
1.5
2.0
r HfmL
Figure 4: Radial wave functions for radially ground and excited states of χ2, χ3, χ4 and hc3 .
Solid line curves are for χ2, dotted for χ3, dashed for χ4, and dot dashed for hc3 . Black color
represents mesons and green color represents hybrid mesons.
charmonium mesons are reported for same values of n, L, and S as used for the conventional
mesons. In order to distinguish the hybrids from non-hybrids, we suggest and use here a workable
notation of using a superscript h to the symbol of the conventional meson with the same n, L,
and S. These results show that for the same quantum numbers (n, L, and S) the mass of a
hybrid meson is significantly greater than the corresponding conventional meson. It is noted
that JPC of each hybrid meson is also different from the corresponding conventional meson for
same L, and S. This difference arises from the effect of the angular momentum of the gluonic
field which contributes in the former case. It is also noted that the gluonic potential Πu applied
in this work allows two possible value of ε in eq. (10). As a result we obtain two degenerate
hybrid states with opposite values of P and C. All the hybrids corresponding to ε = 1 are
non-exotic, whereas exotic hybrid mesons are obtained for ε = −1 as shown in the Table 2. We
find that the lightest hybrid charmonium state has mass 4.0802 GeV and JPC = 0++(0−−).
This result can be compared with the result reported in refs. [20, 23] that use Flux tube model
to predict that the lowest state charmonium hybrid meson mass is approximately 4.2 GeV. The
similar result for the lowest state hybrid charmonium meson’s mass (4.09 GeV) is predicted in
ref. [69] by using linear plus coulombic potential model.
By comparing the experimental masses of various X, Y , Z particles with our calculated
masses having same JPC , we suggest assigning the states calculated by us to the experimentally
observed particles as in Table 3. These results can help in experimentally recognizing hybrid
mesons. In Table 4 we present the comparison of our results with other theoretical studies of
hybrid charmunium states in Flux tube model, constitute glue model, and Lattic QCD. Root
mean square radii and radial wave functions at origin for the ground and radially excited states
of conventional and hybrid charmonium mesons are reported in Table 5 and 6 respectively.
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These results show that with the same quantum numbers (n, L, and S) root mean square radii
of hybrid mesons are greater than conventional mesons. It is also noted that radii of hybrid
mesons like conventional mesons increase with radial and angular excitations. Table 4 and 5
show that |R(0)|2 is non-zero only for S states and decrease with the radial excitation. As
scalar form factors [57], energy shifts, and polarizabilites [59] depend on the root mean square
radii, we predict a significant change in the values of these quantities for a hybrid meson as
compared to the corresponding conventional meson for the same quantum numbers. Thus it is
highly interesting to compare our results with experimental findings of conventional and exotic
mesons.
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Table 1: Masses of ground and radially excited state charmonium mesons. Our calculated masses
are rounded to 0.0001 GeV.
n Meson L S J JPC Our calculated Theor. mass [65] Exp. mass
mass with NR potential
model
GeV GeV GeV
1S ηc(1
1S0) 0 0 0 0
−+ 2.9816 2.982 2.9810 ± 0.0011 [70]
J/ψ(13S1) 0 1 1 1
−− 3.08999 3.090 3.096916 ± 0.000011 [70]
2 S η′c(2
1S0) 0 0 0 0
−+ 3.6303 3.630 3.6389 ± 0.0013 [70]
J/ψ(23S1) 0 1 1 1
−− 3.6718 3.672 3.6861+0.000012−0.000014 [70]
3S ηc(3
1S0) 0 0 0 0
−+ 4.0432 4.043 —
J/ψ(33S1) 0 1 1 1
−− 4.0716 4.072 4.040 ± 10 [65]
4 S ηc(4
1S0) 0 0 0 0
−+ 4.3837 4.384 —
J/ψ(43S1) 0 1 1 1
−− 4.4061 4.406 4.415 ± 6 [65]
5 S ηc(5
1S0) 0 0 0 0
−+ 4.6850 — —
J/ψ(53S1) 0 1 1 1
−− 4.7038 —
6 S ηc(6
1S0) 0 0 0 0
−+ 4.9604 — —
J/ψ(63S1) 0 1 1 1
−− 4.9769 — —
1P hc(1
1P1) 1 0 1 1
+− 3.5156 3.516 3.52541 ± 0.00016 [70]
χ0(1
3P0) 1 1 0 0
++ 3.4233 3.424 3.41475 ± 0.00031 [70]
χ1(1
3P1) 1 1 1 1
++ 3.5005 3.505 3.51066 ± 0.00007 [70]
χ2(1
3P2) 1 1 2 2
++ 3.5490 3.556 3.55620 ± 0.00009 [70]
2 P hc(2
1P1) 1 0 1 1
+− 3.9336 3.934 —
χ0(2
3P0) 1 1 0 0
++ 3.8715 3.852 —
χ1(2
3P1) 1 1 1 1
++ 3.9203 3.925 —
χ2(2
3P2) 1 1 2 2
++ 3.9648 3.972 3.9272 ± 0.0026 [70]
3 P hc(3
1P1) 1 0 1 1
+− 4.2793 4.279 —
χ0(3
3P0) 1 1 0 0
++ 4.2295 4.202 —
χ1(3
3P1) 1 1 1 1
++ 4.2663 4.271 —
χ2(3
3P2) 1 1 2 2
++ 4.3093 4.317 —
4 P hc(4
1P1) 1 0 1 1
+− 4.5851 — —
χ0(4
3P0) 1 1 0 0
++ 4.5424 — —
χ1(4
3P1) 1 1 1 1
++ 4.5720 — —
χ2(4
3P2) 1 1 2 2
++ 4.6141 — —
5 P hc(5
1P1) 1 0 1 1
+− 4.8644 — —
χ0(5
3P0) 1 1 0 0
++ 4.8264 — —
χ1(5
3P1) 1 1 1 1
++ 4.8512 — —
χ2(5
3P2) 1 1 2 2
++ 4.8926 — —
6 P hc(6
1P1) 1 0 1 1
+− 5.1244 — —
χ0(6
3P0) 1 1 0 0
++ 5.0898 — —
χ1(6
3P1) 1 1 1 1
++ 5.111 — —
χ2(6
3P2) 1 1 2 2
++ 5.15198 — —
1 D ηc2(1
1D2) 2 0 2 2
−+ 3.7994 3.799 —
ψ(13D1) 2 1 1 1
−− 3.7805 3.785 3.7699 ± 0.0025 [65]
ψ2(1
3D2) 2 1 2 2
−− 3.8002 3.800 —
ψ3(1
3D3) 2 1 3 3
−− 3.8053 3.806 —
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n Meson L S J JPC Our calculated Theor. mass [65] Exp. mass
mass with NR potential
model
GeV GeV GeV
2 D ηc2(2
1D2) 2 0 2 2
−+ 4.1576 4.158 —
ψ(23D1) 2 1 1 1
−− 4.1363 4.142 4.159 ± 0.020 [65]
ψ2(2
3D2) 2 1 2 2
−− 4.1580 4.158 —
ψ3(2
3D3) 2 1 3 3
−− 4.1655 4.167 —
3 D ηc2(3
1D2) 2 0 2 2
−+ 4.4718 — —
ψ(33D1) 2 1 1 1
−− 4.4492 — —
ψ2(3
3D2) 2 1 2 2
−− 4.4719 — —
ψ3(3
3D3) 2 1 3 3
−− 4.4810 — —
4 D ηc2(4
1D2) 2 0 2 2
−+ 4.7574 — —
ψ(43D1) 2 1 1 1
−− 4.7339 — —
ψ2(4
3D2) 2 1 2 2
−− 4.7573 — —
ψ3(4
3D3) 2 1 3 3
−− 4.7675 — —
5 D ηc2(5
1D2) 2 0 2 2
−+ 5.0223 — —
ψ(53D1) 2 1 1 1
−− 4.9984 — —
ψ2(5
3D2) 2 1 2 2
−− 5.0221 — —
ψ3(5
3D3) 2 1 3 3
−− 5.0331 — —
1 F hc3(1
1F3) 3 0 3 3
+− 4.0256 4.026 —
χ2(1
3F2) 3 1 2 2
++ 4.0283 4.029 —
χ3(1
3F3) 3 1 3 3
++ 4.0287 4.029 —
χ4(1
3F4) 3 1 4 4
++ 4.0212 4.021 —
2 F hc3(2
1F3) 3 0 3 3
+− 4.3499 4.350 —
χ2(2
3F2) 3 1 2 2
++ 4.3494 4.351 —
χ3(2
3F3) 3 1 3 3
++ 4.3522 4.352 —
χ4(2
3F4) 3 1 4 4
++ 4.3476 4.348 —
3 F hc3(3
1F3) 3 0 3 3
+− 4.6429 — —
χ2(3
3F2) 3 1 2 2
++ 4.6403 — —
χ3(3
3F3) 3 1 3 3
++ 4.6448 — —
χ4(3
3F4) 3 1 4 4
++ 4.6422 — —
4 F hc3(4
1F3) 3 0 3 3
+− 4.9137 — —
χ2(4
3F2) 3 1 2 2
++ 4.9095 — —
χ3(4
3F3) 3 1 3 3
++ 4.9153 — —
χ4(4
3F4) 3 1 4 4
++ 4.9141 — —
1 G ηc4(1
1G4) 4 0 4 4
−+ 4.2246 4225 —
ψ3(1
3G3) 4 1 3 3
−− 4.23635 4.237 —
ψ4(1
3G4) 4 1 4 4
−− 4.22821 4.228 —
ψ5(1
3G5) 4 1 5 5
−− 4.2142 4.214 —
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Table 2: Our calculated masses of cc hybrid charmonium mesons.
n Meson L S J JPC Our calculated
ε = 1 ε = −1 mass
GeV
1S ηhc (1
1S0) 0 0 0 0
++ 0−− 4.0802
J/ψh(13S1) 0 1 1 1
+− 1−+ 4.1063
2 S ηhc (2
1S0) 0 0 0 0
++ 0−− 4.3820
J/ψh(23S1) 0 1 1 1
+− 1−+ 4.4084
3S ηhc (3
1S0) 0 0 0 0
++ 0−− 4.6616
J/ψh(33S1) 0 1 1 1
+− 1−+ 4.6855
4 S ηhc (4
1S0) 0 0 0 0
++ 0−− 4.9223
J/ψh(43S1) 0 1 1 1
+− 1−+ 4.9438
5 S ηhc (5
1S0) 0 0 0 0
++ 0−− 5.1683
J/ψh(53S1) 0 1 1 1
+− 1−+ 5.1876
6 S ηhc (6
1S0) 0 0 0 0
++ 0−− 5.4021
J/ψh(63S1) 0 1 1 1
+− 1−+ 5.4197
1P hhc (1
1P1) 1 0 1 1
−− 1++ 4.2678
χh0(1
3P0) 1 1 0 0
−+ 0+− 4.22996
χh1(1
3P1) 1 1 1 1
−+ 1+− 4.2664
χh2(1
3P2) 1 1 2 2
−+ 2+− 4.2738
2 P hhc (2
1P1) 1 0 1 1
−− 1++ 4.5552
χh0(2
3P0) 1 1 0 0
−+ 0+− 4.5030
χh1(2
3P1) 1 1 1 1
−+ 1+− 4.5511
χh2(2
3P2) 1 1 2 2
−+ 2+− 4.5653
3 P hhc (3
1P1) 1 0 1 1
−− 1++ 4.8210
χh0(3
3P0) 1 1 0 0
−+ 0+− 4.7627
χh1(3
3P1) 1 1 1 1
−+ 1+− 4.8149
χh2(3
3P2) 1 1 2 2
−+ 2+− 4.8337
4 P hhc (4
1P1) 1 0 1 1
−− 1++ 5.0707
χh0(4
3P0) 1 1 0 0
−+ 0+− 5.0101
χh1(4
3P1) 1 1 1 1
−+ 1+− 5.0629
χh2(4
3P2) 1 1 2 2
−+ 2+− 5.0852
5 P hhc (5
1P1) 1 0 1 1
1−− 1++ 5.3076
χh0(5
3P0) 1 1 0 0
−+ 0+− 5.2466
χh1(5
3P1) 1 1 1 1
−+ 1+− 5, 2983
χh2(5
3P2) 1 1 2 2
−+ 2+− 5.3233
6 P hhc (6
1P1) 1 0 1 1
−− 1++ 5.5340
χh0(6
3P0) 1 1 0 0
−+ 0+− 5.4734
χh1(6
3P1) 1 1 1 1
−+ 1+− 5.5234
χh2(6
3P2) 1 1 2 2
−+ 2+− 5.55070
1 D ηc2(1
1D2) 2 0 2 2
++ 2−− 4.4222
ψh(13D1) 2 1 1 1
+− 1−+ 4.4220
ψh2 (1
3D2) 2 1 2 2
+− 2−+ 4.4251
ψh3 (1
3D3) 2 1 3 3
+− 3−+ 4.4197
2 D ηhc2(2
1D2) 2 0 2 2
++ 2−− 4.6982
ψh(23D1) 2 1 1 1
+− 1−+ 4.6932
ψh2 (2
3D2) 2 1 2 2
+− 2−+ 4.7002
ψh3 (2
3D3) 2 1 3 3
+− 3−+ 4.6981
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n Meson L S J JPC Our calculated
ε = 1 ε = −1 mass
GeV
3 D ηhc2(3
1D2) 2 0 2 2
++ 2−− 4.9554
ψh(33D1) 2 1 1 1
+− 1−+ 4.9469
ψh2 (3
3D2) 2 1 2 2
+− 2−+ 4.9568
ψh3 (3
3D3) 2 1 3 3
+− 3−+ 4.9572
4 D ηhc2(4
1D2) 2 0 2 2
++ 2−− 5.19828
ψh(43D1) 2 1 1 1
+− 1−+ 5.18685
ψh2 (4
3D2) 2 1 2 2
+− 2−+ 5.19928
ψh3 (4
3D3) 2 1 3 3
+− 3−+ 5.20141
5 D ηhc2(1
1D2) 2 0 2 2
++ 2−− 5.42954
ψh(53D1) 2 1 1 1
+− 1−+ 5.41568
ψh2 (5
3D2) 2 1 2 2
+− 2−+ 5.43025
ψh3 (5
3D3) 2 1 3 3
+− 3−+ 5.43379
1 F hhc3(1
1F3) 3 0 3 3
−− 3++ 4.57002
χh2(1
3F2) 3 1 2 2
−+ 2+− 4.57886
χh3(1
3F3) 3 1 3 3
−+ 3+− 4.5735
χh4(1
3F4) 3 1 4 4
−+ 4+− 4.5623
2 F hhc3(2
1F3) 3 0 3 3
−− 3++ 4.835
χh2(2
3F2) 3 1 2 2
−+ 2+− 4.8409
χh3(2
3F3) 3 1 3 3
−+ 3+− 4.8379
χh4(2
3F4) 3 1 4 4
−+ 4+− 4.8292
3 F hhc3(3
1F3) 3 0 3 3
−− 3++ 5.084
χh2(3
3F2) 3 1 2 2
−+ 2+− 5.08763
χh3(3
3F3) 3 1 3 3
−+ 3+− 5.0864
χh4(3
3F4) 3 1 4 4
−+ 4+− 5.0798
4 F hhc3(4
1F3) 3 0 3 3
−− 3++ 5.3203
χh2(4
3F2) 3 1 2 2
−+ 2+− 5.3222
χh3(4
3F3) 3 1 3 3
−+ 3+− 5.3224
χh4(4
3F4) 3 1 4 4
−+ 4+− 5.3173
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Table 3: Our assignments based on the mass equivalence of JPC and mass (i.e. comparison of
our predicted masses with the experimental masses.)
Meson JPC Experimental mass Assignments
GeV
χc2(2P ) 2
++ 3.9272 ± 2.6 [70] χ2(13P2)
hc(1
1P1) 1
+− 3.52538 ± 0.11 [70] hc(11P1)
X(3872) 1++ 3.87168 ± 0.17 [70] χ1(23P1)
??+ χ0(2
3P0) , χ1(2
3P1) , χ2(2
3P2), ηc2(1
1D2)
X(4260) 1−− 4.250 ± 9 [70] ψ(23D1), ψ(33D1), hhc (11P1)
X(3915) 0++ 3.918.4 ± 1.9 [70] χ0(23P0)
??+ ηc(3
1S0), χ0(2
3P0), χ1(2
3P1), χ2(2
3P2)
X(4360) 1−− 4.361 ± 13 [70] ψ(23D1), ψ(33D1), J/ψ(43S1)
Y (4360)
X(4660) 1−− 4.664 ± 12 [70] J/ψ(53S1), J/ψ(43S1), ψh(43D1)
hhc (2
1P1), h
h
c (3
1P1)
X(3940) 1−− 3.942+9−8 [71] J/ψ(3
3S1)
X(4350) 1−− 4.3506±+4.6−5.1 [71], [5] J/ψ(43S1), ψ(33D1), hhc (11P1)
X(4008) 1−− 4.008+121−49 [71] ψ(2
3D1)
X(3940) 1++ —- χ0(2
3P0)
X(4630) 1−− 4.634+9−11 [71] J/ψ(5
3S1), ψ(4
3D1), h
h
c (2
1P1)
Y (4630)
Y (4350) 0++ 4.3506+4.6−5.1 [71] χ0(3
3P0), η
h
c (2
1S0)
2++ 4.3506+4.6−5.1 [71] χ2(3
3P2), χ2(2
3F2), η
h
c2(1
1D2)
ηc2(1D) 2
−+ - ηc2(1
1D2)
Table 4: Masses (in GeV) of hybrid charmonium mesons calculated by others with different
models along with our calculated results. Our results are reported for least JPC states.
JPC state Our results Flux Tube Constitute Lattice QCD
Model glue model ground state radial excited state
[20] [16] [72] [32] [32]
0−− 4.0802 - 4.35 - -
0+− 4.22996 4.19 - ∼ 4.35 ∼ 4.382 -
0−+ 4.22996 4.19 4.38 ∼ 4.120 - -
1−+ 4.1063 4.19 4.48 ∼ 4.300 ∼ 4.213
1++ 4.2678 4.19 - - - -
1+− 4.1063 4.19 - - - -
1−− 4.2678 4.19 4.27 4.189(54) - -
2−+ 4.2738 4.19 - ∼ 4.300 - -
2+− 4.2738 4.19 - 4.4 ∼ 4.391 ∼ 4.505
3−+ 4.4197 - - 4.7
14
Table 5: Root mean square radii and square of radial wave function at origin for ground and
radially excited state conventional charmonium mesons
n Meson L S J JPC our calculated Theor.
√
〈r2〉 Our calculated√
〈r2〉 with |R(0)|2
potential model [73]
fm fm GeV 3
1S ηc(1
1S0) 0 0 0 0
−+ 0.3655 0.388 1.2294
J/ψ(13S1) 0 1 1 1
−− 0.414 0.404 1.97675
2 S ηc(2
1S0) 0 0 0 0
−+ 0.833 — 0.8717
J/ψ(23S1) 0 1 1 1
−− 0.863 — 0.7225
3S ηc(3
1S0) 0 0 0 0
−+ 1.2072 — .683
J/ψ(33S1) 0 1 1 1
−− 1.2287 — .6006
4 S ηc(4
1S0) 0 0 0 0
−+ 1.5306 — .5994
J/ψ(43S1) 0 1 1 1
−− 1.5478 — .5417
5 S ηc(5
1S0) 0 0 0 0
−+ 1.8224 — .5503
J/ψ(53S1) 0 1 1 1
−− 1.8370 — .50538
6 S ηc(6
1S0) 0 0 0 0
−+ 2.0922 — 0.5172
J/ψ(63S1) 0 1 1 1
−− 2.1049 — 0.4801
1P hc(1
1P1) 1 0 1 1
+− 0.6737 0.602 ≈ 0
χ0(1
3P0) 1 1 0 0
++ 0.621 0.606 ≈ 0
χ1(1
3P1) 1 1 1 1
++ 0.673 — ≈ 0
χ2(1
3P2) 1 1 2 2
++ 0.717 — ≈ 0
2 P hc(2
1P1) 1 0 1 1
+− 1.0697 — ≈ 0
χ0(2
3P0) 1 1 0 0
++ 1.0374 — ≈ 0
χ1(2
3P1) 1 1 1 1
++ 1.0729 — ≈ 0
χ2(2
3P2) 1 1 2 2
++ 1.1106 — ≈ 0
3 P hc(3
1P1) 1 0 1 1
+− 1.4052 — ≈ 0
χ0(3
3P0) 1 1 0 0
++ 1.3814 — ≈ 0
χ1(3
3P1) 1 1 1 1
++ 1.4096 — ≈ 0
χ2(3
3P2) 1 1 2 2
++ 1.4441 — ≈ 0
4 P hc(4
1P1) 1 0 1 1
+− 1.7054 — ≈ 0
χ0(4
3P0) 1 1 0 0
++ 1.6863 — ≈ 0
χ1(4
3P1) 1 1 1 1
++ 1.7102 — ≈ 0
χ2(4
3P2) 1 1 2 2
++ 1.7427 — ≈ 0
5 P hc(5
1P1) 1 0 1 1
+− 1.9815 — ≈ 0
χ0(5
3P0) 1 1 0 0
++ 1.9654 — ≈ 0
χ1(5
3P1) 1 1 1 1
++ 1.9863 — ≈ 0
χ2(5
3P2) 1 1 2 2
++ 2.0174 — ≈ 0
6 P hc(6
1P1) 1 0 1 1
+− 2.23966 — ≈ 0
χ0(6
3P0) 1 1 0 0
++ 2.2257 — ≈ 0
χ1(6
3P1) 1 1 1 1
++ 2.2444 — ≈ 0
χ2(6
3P2) 1 1 2 2
++ 2.2745 — ≈ 0
1 D ηc2(1
1D2) 2 0 2 2
−+ 0.8984 - ≈ 0
ψ(13D1) 2 1 1 1
−− 0.8515 − ≈ 0
ψ2(1
3D2) 2 1 2 2
−− 0.8937 — ≈ 0
ψ3(1
3D3) 2 1 3 3
−− 0.9182 −−− ≈ 0
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n Meson L S J JPC our calculated Theor.
√
〈r2〉 |R(0)|2√
〈r2〉 with
potential model [73]
fm fm GeV 3
2 D ηc2(2
1D2) 2 0 2 2
−+ 1.2595 — ≈ 0
ψ(23D1) 2 1 1 1
−− 1.2112 — ≈ 0
ψ2(2
3D2) 2 1 2 2
−− 1.2556 — ≈ 0
ψ3(2
3D3) 2 1 3 3
−− 1.2793 — ≈ 0
3 D ηc2(3
1D2) 2 0 2 2
−+ 1.57397 — ≈ 0
ψ(33D1) 2 1 1 1
−− 1.52397 — ≈ 0
ψ2(3
3D2) 2 1 2 2
−− 1.5706 — ≈ 0
ψ3(3
3D3) 2 1 3 3
−− 1.59398 — ≈ 0
4 D ηc2(4
1D2) 2 0 2 2
−+ 1.8596 — ≈ 0
ψ(43D1) 2 1 1 1
−− 1.80785 — ≈ 0
ψ2(4
3D2) 2 1 2 2
−− 1.8565 — ≈ 0
ψ3(4
3D3) 2 1 3 3
−− 1.8798 — ≈ 0
5 D ηc2(5
1D2) 2 0 2 2
−+ 2.1248 — ≈ 0
ψ(53D1) 2 1 1 1
−− 2.0714 — ≈ 0
ψ2(5
3D2) 2 1 2 2
−− 2.1218 — ≈ 0
ψ3(5
3D3) 2 1 3 3
−− 2.1452 — ≈ 0
1 F hc3(1
1F3) 3 0 3 3
+− 1.0878 — ≈ 0
χ2(1
3F2) 3 1 2 2
++ 1.06896 — ≈ 0
χ3(1
3F3) 3 1 3 3
++ 1.08628 — ≈ 0
χ4(1
3F4) 3 1 4 4
++ 1.09818 — ≈ 0
2 F hc3(2
1F3) 3 0 3 3
+− 1.4253 — ≈ 0
χ2(2
3F2) 3 1 2 2
++ 1.4062 — ≈ 0
χ3(2
3F3) 3 1 3 3
++ 1.42387 — ≈ 0
χ4(2
3F4) 3 1 4 4
++ 1.43578 — ≈ 0
3 F hc3(3
1F3) 3 0 3 3
+− 1.725 — ≈ 0
χ2(3
3F2) 3 1 2 2
++ 1.7056 — ≈ 0
χ3(3
3F3) 3 1 3 3
++ 1.72369 — ≈ 0
χ4(3
3F4) 3 1 4 4
++ 1.73579 — ≈ 0
4 F hc3(4
1F3) 3 0 3 3
+− 2.0 — ≈ 0
χ2(4
3F2) 3 1 2 2
++ 1.9802 — ≈ 0
χ3(4
3F3) 3 1 3 3
++ 1.9988 — ≈ 0
χ4(4
3F4) 3 1 4 4
++ 2.0111 — ≈ 0
1 G ηc4(1
1G4) 4 0 4 4
−+ 1.2589 — ≈ 0
ψ3(1
3G3) 4 1 3 3
−− 1.25026 — ≈ 0
ψ4(1
3G4) 4 1 4 4
−− 1.25878 — ≈ 0
ψ5(1
3G5) 4 1 5 5
−− 1.26409 — ≈ 0
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Table 6: Our calculated root mean square radii and |R(0)|2 of cc hybrid mesons.
n Meson L S J JPC our calculated Our calculated
ε = 1 ε = −1
√
〈r2〉 |R(0)|2
fm Gev3
1S ηhc (1
1S0) 0 0 0 0
++ 0−− 0.6429 .30458
J/ψh(13S1) 0 1 1 1
+− 1−+ 0.6949 0.1533
2 S η′hc (2
1S0) 0 0 0 0
++ 0−− 1.0837 0.3306
J/ψh(23S1) 0 1 1 1
+− 1−+ 1.1187 0.1995
3S ηhc (3
1S0) 0 0 0 0
++ 0−− 1.4345 0.3259
J/ψh(33S1) 0 1 1 1
+− 1−+ 1.4609 0.2214
4 S ηhc (4
1S0) 0 0 0 0
++ 0−− 1.7413 0.3189
J/ψh(43S1) 0 1 1 1
+− 1−+ 1.7624 0.2342
5 S ηhc (5
1S0) 0 0 0 0
++ 0−− 2.0203 0.3128
J/ψh(53S1) 0 1 1 1
+− 1−+ 2.0379 0.2425
6 S ηhc (6
1S0) 0 0 0 0
++ 0−− 2.2797 0.30778
J/ψh(63S1) 0 1 1 1
+− 1−+ 2.2948 0.2482
1P hhc (1
1P1) 1 0 1 1
−− 1++ .922397 ≈ 0
χh0(1
3P0) 1 1 0 0
−+ 0+− 0.8765 ≈ 0
χh1(1
3P1) 1 1 1 1
−+ 1+− 0.9117 ≈ 0
χh2(1
3P2) 1 1 2 2
−+ 2+− 0.9453 ≈ 0
2 P hhc (2
1P1) 1 0 1 1
−− 1++ 1.2964 ≈ 0
χh0(2
3P0) 1 1 0 0
−+ 0+− 1.2616 ≈ 0
χh1(2
3P1) 1 1 1 1
−+ 1+− 1.2848 ≈ 0
χh2(2
3P2) 1 1 2 2
−+ 2−+ 1.3210 ≈ 0
3 P hhc (3
1P1) 1 0 1 1
−− 1++ 1.6139 ≈ 0
χh0(3
3P0) 1 1 0 0
−+ 0+− 1.5875 ≈ 0
χh1(3
3P1) 1 1 1 1
−+ 1+− 1.6032 ≈ 0
χh2(3
3P2) 1 1 2 2
−+ 2−+ 1.6410 ≈ 0
4 P hhc (4
1P1) 1 0 1 1
−− 1++ 1.9009 ≈ 0
χh0(4
3P0) 1 1 0 0
−+ 0+− 1.8793 ≈ 0
χh1(4
3P1) 1 1 1 1
−+ 1+− 1.8898 ≈ 0
χh2(4
3P2) 1 1 2 2
−+ 2−+ 1.9287 ≈ 0
5 P hhc (5
1P1) 1 0 1 1
1−− 1++ 2.1663 ≈ 0
χh0(5
3P0) 1 1 0 0
−+ 0+− 2.1481 ≈ 0
χh1(5
3P1) 1 1 1 1
−+ 1+− 2.1548 ≈ 0
χh2(5
3P2) 1 1 2 2
−+ 2−+ 2.1944 ≈ 0
6 P hhc (6
1P1) 1 0 1 1
−− 1++ 2.4155 ≈ 0
χh0(6
3P0) 1 1 0 0
−+ 0+− 2.3998 ≈ 0
χh1(6
3P1) 1 1 1 1
−+ 1+− 2.4022 ≈ 0
χh2(6
3P2) 1 1 2 2
−+ 2−+ 2.4437 ≈ 0
1 D ηhc2(1
1D2) 2 0 2 2
++ 2−− 1.1156 ≈ 0
ψh(13D1) 2 1 1 1
+− 1−+ 1.0923 ≈ 0
ψh2 (1
3D2) 2 1 2 2
+− 2−+ 1.1133 ≈ 0
ψh3 (1
3D3) 2 1 3 3
+− 3−+ 1.1263 ≈ 0
2 D ηhc2(2
1D2) 2 0 2 2
++ 2−− 1.4613 ≈ 0
ψh(23D1) 2 1 1 1
+− 1−+ 1.4359 ≈ 0
ψh2 (2
3D2) 2 1 2 2
+− 2−+ 1.4589 ≈ 0
ψh3 (2
3D3) 2 1 3 3
+− 3−+ 1.4733 ≈ 0
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n Meson L S J JPC our calculated our calculated
ε = 1 ε = −1
√
〈r2〉 |R(0)|2
fm GeV 3
3 D ηhc2(3
1D2) 2 0 2 2
++ 2−− 1.7642 ≈ 0
ψh(33D1) 2 1 1 1
+− 1−+ 1.7376 ≈ 0
ψh2 (3
3D2) 2 1 2 2
+− 2−+ 1.7618 ≈ 0
ψh3 (3
3D3) 2 1 3 3
+− 3−+ 1.7773 ≈ 0
4 D ηhc2(4
1D2) 2 0 2 2
++ 2−− 2.0403 ≈ 0
ψh(43D1) 2 1 1 1
+− 1−+ 2.01288 ≈ 0
ψh2 (4
3D2) 2 1 2 2
+− 2−+ 2.03804 ≈ 0
ψh3 (4
3D3) 2 1 3 3
+− 3−+ 2.0543 ≈ 0
5 D ηhc2(5
1D2) 2 0 2 2
++ 2−− 2.2974 ≈ 0
ψh(53D1) 2 1 1 1
+− 1−+ 2.2695 ≈ 0
ψh2 (5
3D2) 2 1 2 2
+− 2−+ 2.2952 ≈ 0
ψh3 (5
3D3) 2 1 3 3
+− 3−+ 2.3121 ≈ 0
1 F hhc3(1
1F3) 3 0 3 3
−− 3++ 1.2857 ≈ 0
χh2(1
3F2) 3 1 2 2
−+ 2+− 1.2759 ≈ 0
χh3(1
3F3) 3 1 3 3
−+ 3+− 1.2855 ≈ 0
χh4(1
3F4) 3 1 4 4
−+ 4+− 1.2908 ≈ 0
2 F hhc3(2
1F3) 3 0 3 3
−− 3++ 1.611 ≈ 0
χh2(2
3F2) 3 1 2 2
−+ 2+− 1.5997 ≈ 0
χh3(2
3F3) 3 1 3 3
−+ 3+− 1.6105 ≈ 0
χh4(2
3F4) 3 1 4 4
−+ 4+− 1.6171 ≈ 0
3 F hhc3(3
1F3) 3 0 3 3
−− 3++ 1.9015 ≈ 0
χh2(3
3F2) 3 1 2 2
−+ 2+− 1.88895 ≈ 0
χh3(3
3F3) 3 1 3 3
−+ 3+− 1.90084 ≈ 0
χh4(3
3F4) 3 1 4 4
−+ 4+− 1.9083 ≈ 0
4 F hhc3(4
1F3) 3 0 3 3
−− 3++ 2.1688 ≈ 0
χh2(4
3F2) 3 1 2 2
−+ 2+− 2.1553 ≈ 0
χh3(4
3F3) 3 1 3 3
−+ 3+− 2.1681 ≈ 0
χh4(4
3F4) 3 1 4 4
−+ 4+− 2.1762 ≈ 0
18
n Meson L S J JPC our calculated Our calculated
ε = 1 ε = −1
√
〈r2〉 |R(0)|2
GeV −1 Gev3
4 D ηc2(4
1D2) 2 0 2 2
−+ 1.8596 — ≈ 0
ψ(43D1) 2 1 1 1
−− 1.80785 — ≈ 0
ψ2(4
3D2) 2 1 2 2
−− 1.8565 — ≈ 0
ψ3(4
3D3) 2 1 3 3
−− 1.8798 — ≈ 0
5 D ηc2(5
1D2) 2 0 2 2
−+ 2.1248 — ≈ 0
ψ(53D1) 2 1 1 1
−− 2.0714 — ≈ 0
ψ2(5
3D2) 2 1 2 2
−− 2.1218 — ≈ 0
ψ3(5
3D3) 2 1 3 3
−− 2.1452 — ≈ 0
1 F hc3(1
1F3) 3 0 3 3
+− 1.0878 — ≈ 0
χ2(1
3F2) 3 1 2 2
++ 1.06896 — ≈ 0
χ3(1
3F3) 3 1 3 3
++ 1.08628 — ≈ 0
χ4(1
3F4) 3 1 4 4
++ 1.09818 — ≈ 0
2 F hc3(2
1F3) 3 0 3 3
+− 1.4253 — ≈ 0
χ2(2
3F2) 3 1 2 2
++ 1.4062 — ≈ 0
χ3(2
3F3) 3 1 3 3
++ 1.42387 — ≈ 0
χ4(2
3F4) 3 1 4 4
++ 1.43578 — ≈ 0
3 F hc3(3
1F3) 3 0 3 3
+− 1.725 — ≈ 0
χ2(3
3F2) 3 1 2 2
++ 1.7056 — ≈ 0
χ3(3
3F3) 3 1 3 3
++ 1.72369 — ≈ 0
χ4(3
3F4) 3 1 4 4
++ 1.73579 — ≈ 0
4 F hc3(4
1F3) 3 0 3 3
+− 2.00004 — ≈ 0
χ2(4
3F2) 3 1 2 2
++ 1.9802 — ≈ 0
χ3(4
3F3) 3 1 3 3
++ 1.9988 — ≈ 0
χ4(4
3F4) 3 1 4 4
++ 2.0111 — ≈ 0
1 G ηc4(1
1G4) 4 0 4 4
−+ 1.2589 — ≈ 0
ψ3(1
3G3) 4 1 3 3
−− 1.25026 — ≈ 0
ψ4(1
3G4) 4 1 4 4
−− 1.25878 — ≈ 0
ψ5(1
3G5) 4 1 5 5
−− 1.26409 — ≈ 0
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